Abstract. [Purpose] Little is known about the effects of biomechanical foot orthoses in scoliosis, as determined by raster stereography. The objective of this study was to investigate the effect of individually manufactured biomechanical foot orthoses on scoliosis angle, trunk imbalance, and pelvic obliquity by comparing them with general insoles by using DIERS formetric 4 dimensional in patients with scoliosis. [Subjects and Methods] Twenty-six patients with scoliosis were recruited at Yeungnam University Hospital and allocated equally to one of two groups, the biomechanical foot orthoses group or the control group. Parameters, such as, trunk rotation, imbalance, and scoliosis angle, were obtained using a DIERS formetric 4D.
INTRODUCTION
According to the Scoliosis Research Society, scoliosis is defined as the lateral deviation of the normal vertical curve of the spine by more than 10 degrees with or without deviation of the lateral curvature in the sagittal and axial views 1, 2) . The causes of scoliosis deformity are various. It can result from spinal structural pathologies or non-structural pathologies, such as lower extremity length discrepancy or pelvic imbalance 3) . Treatment of scoliosis may involve conservative management or surgery. Surgery is recommended when spinal curvature exceeds 45 degrees 4) . The majority of patients receive conservative treatment, for example, orthoses, thoracolumbosacral orthoses (TLSO), or physical therapy, although the rationale for the selection of conservative treatment types is unclear.
Biomechanical foot orthoses (BFOs) are therapeutic custom-made tools, which are placed in shoes to control foot alignment during gait to allow normal foot motion and inhibit abnormal motion. From the biomechanical perspective, the body is multi-segmental, and segments interact strongly with each other. Furthermore, these interactions are important for musculoskeletal function. The pelvis is an important segment, and pelvic and lumbar positions are well-correlated 5) . Irrespective of the plane of motion, foot alignment influences pelvic alignment 6, 7) , and alignment of the lower extremity, which involves the pelvis girdle, can be altered by forces acting on the feet 7, 8) . In a previous study, postural and spinal adaptations were established in patients with scoliosis, using shoe lift heights of 5, 10, and 15 mm 9) . However, these shoe lifts were achieved using simple heel lifts, whereas BFOs are custom-designed for patients. Thus, BFOs rectify mal-alignment by stabilizing the foot and correcting mal-alignments of the spine and pelvis.
Standing whole spine radiographs are used to diagnose and follow-up spinal curve in scoliosis 10) , and thus, Cobb's angle and other spinal parameters are measured using radiographic images. However, repetitive exposure to X-rays increases the risk of cancer development, including that of breast cancer 11, 12) . In contrast, surface topography offers a radiation free means of measuring spinal parameters. In particular, surface topography scanner DIERS formetric 4D (DIERS International GmbH, Schlangenbad, Germany) can be used to measure trunk rotation, imbalance, and scoliosis angle, and has test-retest reproducibility comparable to that of radiography 13) .
The parameters of scoliosis have been previously measured using a DIERS formetric 4D unit, but the effects of BFOs on scoliosis have not been previously assessed using this machine. The objective of this study was to confirm the effect of BFOs on scoliosis angle, trunk imbalance, and pelvic obliquity compared with general insoles by using a DIERS formetric 4D in patients with scoliosis.
SUBJECTS AND METHODS
Twenty-six patients with scoliosis were recruited from the Yeungnam University Hospital. Inclusion criteria included diagnosis of scoliosis with a Cobb angle of ≥10° to <45° and age from 13 to 60 years. Exclusion criteria were: (1) severe scoliosis with a Cobb angle of>45 degrees, (2) leg length discrepancy of>2 cm, (3) pain of discal origin of VAS>3, (4) any lower extremity trauma or surgery history, (5) arthritis, (6) pregnancy, (7) spasm or spasticity of any muscle, and (8) a vestibular system problem affecting the regulation of posture. This study was approved by the Institutional Review Board of Yeungnam University Hospital and all subjects provided informed consent before participating in the study.
The study subjects were equally and randomly allocated to two groups: the BFO group (n=13) and the control group (n=13), who used general insoles. In the BFO group, patients used a custom-made BFO for at least 3 h/day, and were evaluated before wearing a BFO and after 2 and 4 weeks of wearing a BFO. In the control group, general insoles were of the same height as the BFOs (3 mm), and were used for at least 3 h/day. Members of the control group were also evaluated before wearing a general insole and at 2 and 4 weeks after wearing an insole. Three measurements were taken at each evaluation and results were averaged. All evaluations were conducted by an independent, skilled examiner using a DIERS formetric 4D that used a photogrammetric recording of the back obtained by video raster stereography. The unit provides precise 3D shapes of patients' backs. Measurements were taken with patients undressed (to reveal buttocks for detection landmarks) and standing with both arms alongside the trunk and feet 20 cm apart. Images were obtained in 12 trials for total 6-sec and data were automatically analyzed. 'Trunk imbalance' was defined as lateral deviation of C7 (the most prominent vertebra) from midline of both lumbar dimples (posterior superior iliac spine, PSIS). 'Pelvic obliquity' was defined as the height difference between the lumbar dimples in the horizontal plane, and 'Scoliosis angle' was defined as the Cobb's angle 9) (Fig. 1) .
The analysis was performed using SPSS Ver. 18.00, and significance was set at p values of <0.05. The paired t-test was used to compare the mean values.
RESULTS
Demographic and clinical characteristic of the 26 study subjects are provided in Table 1 . Mean (± standard deviation) group ages, heights, body weights, scoliosis angles, trunk imbalances, and pelvic obliquities were not significantly different between the groups. Mean scoliosis angle was 17.6 ± 4.7 in the BFO group and 19.6 ± 7.9 in the control group. Mean trunk imbalance (mm) was 10.7 ± 6.3 in the BFO group and 11.9 ± 7.6 in the control group, and mean pelvic obliquity was 10.6 ± 10.4 in the BFO group and 5.7 ± 2.3 in the control group.
In the BFO group, the scoliosis angle and trunk imbalance at 2 and 4 week follow-ups and immediately after BFO fitting were significantly lower than at baseline (p<0.05) ( Table 2) , and pelvic obliquity and VAS scores were significantly lower at 2 and 4 weeks than at baseline in the barefoot state (p<0.05). In addition, there were significant reductions in the scoliosis angle, pelvic obliquity, and VAS scores in the BFO group between baseline and 2 weeks, and between 2 and 4 weeks (p<0.05) ( Table 2 ). In contrast, no significant reduction in these variables was observed at any time in the control group ( Table 3) .
DISCUSSION
The objective of this study was to evaluate the effects of BFO on spinal malalignment in patients with scoliosis by using a DIERS formetric 4D. In the BFO group, all parameters were significantly different during follow-up as compared with the initial barefoot state, but no significant difference was observed in the control group. Furthermore, in the BFO group, significant differences were observed in the scoliosis angle and pelvic obliquity when upon wearing BFOs.
In a previous study on patients with scoliosis, sacral tilt was decreased by a shoe lift, and this was accompanied by reductions in the lumbar and thoracolumbar spine angles 9, [14] [15] [16] . In addition, systematic postural adaptations have been demonstrated for shoe lifts and a significant correlation has been reported between the spinal curve reduction and the correction of leg length discrepancy 9, [17] [18] [19] [20] . D'Amico et al. corrected the pelvic tilt and postural imbalance using an underfoot wedge, because they focused on the correction of leg length discrepancy 19) . In the present study, we used custom-made foot orthoses that followed the natural contours of an individual's feet. Generally, rear-foot movement indicates the range of subtalar joint pronation within a foot, and excessive pronation of the subtalar joint is associated with injuries, and thus, neutral positioning of the subtalar joint is important for lower extremity function. Biomechanical foot orthoses reduce the excessive pronation of this joint by reorienting the rear-foot, which may be related to the realignment of the pelvic obliquity or imbalance 21) . Coronal correction of the spinal alignment improved the trunk imbalance, and thus, we considered rear-foot correction, which included the correction of rear-foot pronation and supination. Reducing the differences in pelvic rotation as well as adjusting both rear feet in neutral position has also been suggested. We then confirmed that spinal postural variables were corrected.
Our evaluations were performed immediately after wearing shoe lifts or underfoot wedges and long-term follow-up tests were not conducted. In the BFO group, the pelvic obliquity and scoliosis angle significantly reduced with time. Scoliosis angles were corrected by reducing the sacral tilt and interaction or mobility of the musculoskeletal system 9) . In the BFO group, these parameters were significantly reduced at 4 weeks, which suggests that the musculoskeletal systems had adapted to the BFOs. The pelvic obliquity was a meaningful factor for scoliosis curves 9, 22) . Although the mechanism is unclear, it may be related to the pelvic stabilization and its effect on malalignments of adjacent vertebral bodies and changes in the functions of multiple back and abdominal muscles. Eventually, the unbalanced force on the vertebrae was redistributed 9, 23) .
Many authors have suggested that increased exposure to ionizing radiation is a risk factor for cancer, especially for breast cancer 24) . Repetitive X-ray exposure was reported to result in an overall increase of 8% in cancer risk, and a 3.9 fold 25, 26) . Accordingly, serial evaluations by plain radiography during follow up are unadvisable given a suitable alternative. Thus, in the present study, we used a DIERS formetric 4D, which provides a radiation-free means of obtaining surface topographies. It has been previously reported that the correlation between Cobb angles obtained by radiography and Scoliosis angles obtained topographically is significant 24, 27) , which was also observed in this study (p<0.05). Thus, we measured the spinal parameters of scoliosis by DIERS formetric 4D that was persuasive. In addition, the strengths of DIERS formetric 4D were short test time, low cost, and no placement of any marking component, which reduced inspector measurement error. The present study has some limitations that require consideration. First, the sample size was relatively small. Second, the follow-up period was only up to 4 weeks, and no long-term follow-up was performed, and thus, we cannot comment on the long-term effects of BFO use. Third, only three spinal parameters were evaluated, and we did not study the changes in pain scores or daily activities. Despite these shortcomings, this is the first study to investigate the effects of a biomechanical foot orthosis in patients with scoliosis by 'radiation-free' topography. Further large-scale long-term studies are needed to confirm our results. We believe BFO could be effective in patients with scoliosis, and that DIERS formetric 4D provides a useful means for evaluating scoliosis parameters.
